A number of studies in recent years have demonstrated that the ER (endoplasmic reticulum) makes intimate contacts with mitochondria, the latter organelles existing both as individual organelles and occasionally as a more extensive interconnected network. Demonstrations that mitochondria take up Ca 2+ more avidly upon its mobilization from the ER than when delivered to permeabilized cells as a buffered solution also indicate that a shielded conduit for Ca 2+ may exist between the two organelle types, perhaps comprising the inositol 1,4,5-trisphosphate receptor and mitochondrial outer membrane proteins including the VDAC (voltage-dependent anion channel). Although the existence of such intracellular ER-mitochondria 'synapses', or of an ER-mitochondria Ca 2+ 'translocon', is an exciting idea, more definitive experiments are needed to test this possibility.
Introduction
Mitochondria are both cellular powerhouses, responsible for generating the majority of ATP in most cell types, and the gatekeepers of programmed cell death [1] . Unsurprisingly, mutations in the genes encoding critical components of the mitochondrial respiratory chain [2] or within the mitochondrial genome [3] are associated with severe (myopathy) or milder (diabetes) inherited disorders respectively. The behaviour of mitochondria has for decades been studied after their isolation and biophysical analysis, or in fixed cells using electron microscopy [4] . In recent years, novel approaches have allowed both the morphology and the function of these organelles to be studied in the context of the living single cell, using a variety of 'mitotropic' (usually positively charged) small fluorescent molecules or through the expression of cDNAs encoding recombinant proteins bearing a mitochondrial targeting sequence [5] . As will be discussed in detail below, these strategies have thrown up a set of interesting new questions. For example: (i) does the subcellular localization of mitochondria affect their ability to respond to intracellular signals, in particular to take up Ca 2+ ions? (ii) Does the positioning of individual mitochondria with respect to other organelles (secretory vesicles, plasma membrane, nucleus etc.) impact on their capacity to control, e.g., via the local control of ATP concentrations, the behaviour of the latter?
Here, I will explore critically the hypothesis that an 'intimate connection' [6] between mitochondria and the ER (endoplasmic reticulum) -i.e. the existence of sites of close contact and consequently the formation of intracellular 'quasi-synapses' -is required for the efficient transfer of Ca 2+ between these organelles, in light of the following recent observations.
(1) Mitochondria are highly mobile in living cells. Interactions between individual mitochondria, and between the ER and mitochondria, are likely to be constantly formed and broken. This implies that sites of ER-mitochondria Ca 2+ complexes must be located away from these sites of remodelling, or that they exist only transiently.
(2) Reorganization of the mitochondrial network achieved by overexpressing interfering molecules (e.g. p50/dynamitin or hFis1), which affect mitochondrial fission and relocate mitochondria to perinuclear regions enriched in ER, has little or no impact on the reciprocal decreases in ER and increases in mitochondrial [Ca 2+ ] upon cell stimulation with IP 3 (inositol 1,4,5-trisphosphate)-raising agonists, while suppressing Ca 2+ influx.
Mitochondrial Ca 2+ transport
Ca 2+ ions are taken up by mitochondria through a lowaffinity, high-capacity Ca 2+ uniporter [7] , which displays the electrophysiological properties of a channel but whose molecular identity remains to be defined [8] . Within the mitochondrial matrix, an elevation of mitochondrial Ca 2+ concentrations in the low micromolar range leads to the stimulation of several mitochondrial dehydrogenases involved in the oxidation of pyruvate and in the tricarboxylic acid cycle [9] , and thus to enhanced mitochondrial ATP synthesis. Thus, in most cell types at rest, mitochondria contain undetectable amounts of Ca 2+ and are thus unlikely to serve as mobilizable reservoirs of these ions. By contrast, when cells are stimulated with depolarizing agonists or hormones that mobilize intracellular Ca 2+ stores [corresponding largely to the ER/SR (sarcoplasmic reticulum)], the accumulation of Ca 2+ by mitochondria may influence subsequent changes in cytosolic [Ca 2+ ]. An extreme example of this behaviour is that [31] . Boxed area in (a) represents 2.5 µm × 2.5 µm. The asterisk indicates a highly motile mitochondrion. Modified from [13] with permission.
of the 'mitochondrial firewall' in pancreatic acinar cells [10] , which appears to prevent the diffusion throughout the cell of a Ca 2+ wave emanating at the secretory pole. Similarly, mitochondrial Ca 2+ uptake appears to determine whether calcium-induced calcium release from the SR can occur efficiently in skeletal-muscle cells [11] .
Mitochondrial structure and motility
Work in a number of different cell types [12] demonstrates that both elongated and shorter, 'grain-like' mitochondrial structures usually exist in cells. Both types of mitochondria are readily imaged by spinning disc confocal microscopy ( Figure 1 ) and the transition between states (i.e. the fission and fusion of mitochondria) can be imaged in real time in live cells expressing mitochondrially targeted red fluorescent protein (DsRed) [13] . Importantly, arguing against the view that a fully interconnected mitochondrial network usually exists in cells, the fluorescence of locally bleached mitochondrial Mitotracker Red (a low-molecular-mass dye selectively accumulated into mitochondria) [14] , or recombinant expressed mito-DsRed1 [12, 15] is not rapidly recovered, at least in fibroblastic cell lines, as would be expected were free diffusion of the fluorescent markers throughout a cell-wide reticulum permissible. This lack of fluorescence recovery after the photobleaching of mitochondrial dyes is in marked contrast with the behaviour of fluorescent markers within the ER lumen [14, 15] , attesting to the latter's fully reticular nature. Moreover, local bleaching of the mitochondrial membrane potential-sensitive dye, TMRE (tetramethylrhodamine ethyl ester), does not rapidly recover, again arguing against electrical coupling across a cell-wide mitochondrial reticulum [12] . So while the extent of a local mitochondrial reticulum (or, more accurately, branching) may vary between cell types, it seems unlikely that a wholly interconnected structure represents the 'normal' state of mitochondria in most cells, under most conditions [12] .
By imaging mitochondrially targeted fluorescent probes [13] it is also possible to demonstrate that most mitochondria are highly motile, at least in cells where this has been studied. The molecular basis of mitochondrial motility is still not well understood, although both microtubule- [13] and microfilament- [16] based systems have been implicated. Whereas inactivation of the actin-based motor myosin Va by RNA interference has no effect on movement or distribution of mitochondria in insulin-secreting cells [13] , a substantial fraction of mitochondria in these cells lies in close contact with microtubules, implying a role for microtubule-based motors such as kinesin or cytoplasmic dynein [13] .
Most of the mitochondria move, extend and undergo substantial changes in morphology over a minute-to-minute timescale in HeLa cells, and many undergo fusion and fission events with neighbouring mitochondria (Figure 1 ). The latter process is likely to be mediated by the small GTPase dynamin-related protein, Drp-1 [17] , the mammalian homologue of the Saccharomyces cerevisiae fuzzy onions protein Fzo1p [18] , opposed by fusion-mediating proteins such as mitofusin and OPA1 [19] .
Evidence for mitochondria-ER interactions
By combining the use of targeted fluorescent proteins with rapid data acquisition by digital deconvolution microscopy, Rizzuto et al. [20] and later ourselves [13] provided an interesting new insight into the three-dimensional organization of mitochondria within the eukaryotic cell. This approach revealed points of apparent close contact between mitochondria and the ER which, as far as these could be assessed at the limits of resolution of light microscopy, were of the order of 200-300 nm (Figure 2a, arrows) . Moreover, by targeting GFP (green fluorescent protein) to the mitochondrial matrix, Rizzuto et al. [20] reported the existence in HeLa cell of elongated mitochondrial structures, taken to argue for a continuous mitochondrial reticulum [6] , although these now seem more likely to be parts of a more local reticulum (see above).
Might the 'connections' between individual mitochondria and the ER be important in permitting Ca 2+ to be transferred from the ER to mitochondria in response to agonists which lead to the generation of IP 3 or the gating of ryanodine receptors? It has been proposed that high local concentrations of Ca 2+ may exist at or close to release sites (e.g. clusters of IP 3 or ryanodine receptors), permitting the mitochondrial uniporter to work efficiently despite a low affinity (in excess of 100 µM in vitro) [21] for Ca 2+ . In support of this hypothesis, far higher concentrations of Ca 2+ (>16 µM) are required to provoke mitochondrial Ca 2+ uptake at physiological rates in permeabilized RBL-2H3 cells than can be measured globally in intact cells after agonist stimulation (<1 µM). By contrast, IP 3 was still able efficiently to stimulate mitochondrial Ca 2+ increases in the above permeabilized cell preparations [22, 23] , leading to the proposal that Ca 2+ transfer between the organelles is 'quasi-synaptic' [23] .
How does restructuring the mitochondrial 'network' affect ER to mitochondrial calcium fluxes?
A prediction flowing from the above model is that, were mitochondria to be physically relocated within the cells to regions of higher (or lower) ER density, then Ca 2+ released from the latter ought to generate larger (or smaller) increases in mitochondrial free [Ca 2+ ]. In order to test this possibility, Varadi et al. [13, 24] overexpressed the cytoplasmic dynein subunit p50 to interfere with both the antero-and retro-grade movements of mitochondria in HeLa cells. Blockade of dynein function led simultaneously to the inhibition of anterograde motors including kinesin-1, and hence to an overall decrease in mitochondrial mobility. Moreover, interfering with retrograde transport also blocked the interaction between Drp-1 and mitochondria and resulted in the formation of a more interconnected mitochondrial network in which there were few if any mitochondria localized at the cell periphery [13] . A clear shift was observed in mitochondrial localization towards a region close to the microtubule organizing centre and the nucleus which is particularly rich in ER (Figure 2a ). While such a change might be expected to enhance Ca 2+ exchange between these two organelles, no changes in the amplitude of the decrease in ER [Ca 2+ ], nor in the increases in mitochondrial [Ca 2+ ], measured with appropriately targeted recombinant aequorins, were observed in response to Ca 2+ mobilizing agonists [24] (Figure 2b ). While two mutually opposed effectsi.e. a decrease in mitochondrial membrane potential and thus Ca 2+ uptake activity, versus closer proximity to ER Ca 2+ release sites -might in theory balance out to explain the conserved changes in mitochondrial [Ca 2+ ] increase in p50-expressing cells, such a complex explanation would seem to us unwarranted and in any case is not consistent with the preservation of normal mitochondrial membrane potential in p50-modified cells [13] .
Other results also support the above findings. Demaurex and co-workers [25] explored the effects of expressing in HeLa cells the mitochondrial remodelling enzyme hFis-1, a protein that promotes mitochondrial fragmentation by recruiting Drp1 but which, in common with p50 overexpression, leads to mitochondrial clustering around the nucleus without affecting ER structure. Despite these dramatic morphological alterations, hFis1-fragmented mitochondria maintained a normal transmembrane potential and pH and, upon agonist stimulation, took up normally the Ca 2+ released from intracellular stores [25] . These results are also in line with measurements of [Ca 2+ ] changes in individual mitochondria using rhod-2 [12] . The latter studies demonstrated similar or greater increases in mitochondrial [Ca 2+ ] in mitochondria located in peripheral regions of the cell, which are relatively poor in ER, as in those mitochondria located close to the nucleus and more replete with ER.
In contrast, Szabadkai et al. [14] reported a reduced mitochondrial [Ca 2+ ] increase in HeLa cells overexpressing Drp-1, despite a (paradoxically) preserved increase in cytosolic and decrease in ER [Ca 2+ ] in response to histamine. This impact of Drp1 on mitochondrial Ca 2+ uptake was attributed to reduced diffusion through a cell-wide mitochondrial reticulum, such that local accumulation of Ca 2+ at contact points was no longer able efficiently to diffuse through the reticulum to other parts of the cell. While the reasons for the apparent discrepancy between this and the above studies [12, 24, 25] are not completely clear, one possibility is that stimulation was performed in the presence of extracellular Ca 2+ in the later work [14] . As a consequence, the less efficient Ca 2+ influx into mitochondria may in part reflect the repositioning of these organelles away from plasma membrane-adjacent sites, hence decreasing the exposure to elevated submembrane Ca 2+ levels during agonist stimulation [26] .
Local organization of mitochondrial-ER contact points
Might Ca 2+ released from the ER be 'funnelled' directly from (say) the mouth of an IP 3 receptor to the mouth of a Ca 2+ channel [VDAC (voltage-dependent anion channel)?] on the outer mitochondrial membrane, without the concentrations of the ion ever being substantially increased in the cytosol (Figure 3a) ? The findings of Rizzuto et al. [22] and Csordas et al. [23] indicate that this is unlikely to represent a completely 'sealed unit' -in which case externally added Ca 2+ would be completely unable to reach the mitochondrial Ca 2+ uniporter in permeabilized cells. Nevertheless, the deployment of Ca 2+ probes on the mitochondrial intermembrane space [20] or surface [27] has failed to reveal more than modest (∼1.5-fold) differences between global cytosolic [Ca 2+ ] increases and [Ca 2+ ] increases in the immediate vicinity of mitochondria. So these results argue against a generalized increase in [Ca 2+ ] over the surface of all mitochondria within the cell but do not rule out highly localized elevations in Ca 2+ at the surface of an individual mitochondrial/surface of a local mitochondrial network. Imaging studies using fluorescent versions (e.g. pericambased) [28] of the earlier aequorin-based probes (which could only be used at the cell population level) may provide insights here especially if imaged simultaneously with ER markers.
Mitochondria and Ca 2+ influx across the plasma membrane
If the importance of mitochondrial localization in the transfer of Ca 2+ to mitochondria from internal stores can be questioned (see above), its importance for regulating Ca 2+ influx into cells (and consequent mitochondrial Ca 2+ uptake) has been supported by several studies. Firstly, global inhibition of mitochondrial function with chemical uncouplers suppresses store-operated Ca 2+ influx in lymphocytes [29] . Moreover, very elegant studies from Graier and co-workers [30] have demonstrated that Ca 2+ channel activity is greatest in regions of the plasma membrane where mitochondria are concentrated. Consistent with these findings, redistribution of mitochondria from the plasma membrane to the cell interior, achieved by overexpression of p50/dynamitin, causes a profound decrease in Ca 2+ influx activated by store depletion with thapsigargin [24] . Although not reaching statistical significance, a similar tendency was observed by Demaurex and co-workers [25] , who were in any case able to demonstrate a very clear decrease in mitochondrial Ca 2+ uptake under these conditions.
Conclusions
Evidence exists both for and against the importance of mitochondria-ER contacts as means of shunting Ca 2+ ions between these two organelles. As illustrated in Figure 3 , molecular and cell biological manipulations have successfully relocalized mitochondria within cells to the perinuclear region [24, 25] , which is rich in ER, without affecting mitochondrial Ca 2+ uptake in response to Ca 2+ release from internal stores. Although these results might be taken as evidence against any importance of Ca 2+ microdomains at the ER-mitochondria interface, an alternative interpretation, which is more compatible with functional studies [23] , is that without the assembly of an appropriate molecular machinery ('translocon'), the mere proximity of mitochondrial and ER membranes (Figure 3b , hatched area) is insufficient to achieve rapid Ca 2+ transfer into mitochondria. Experiments in which mitochondria are translocated away from the ERrich perinuclear region, or which exhibit greater molecular understanding of the subcellular localization and nature of the putative 'translocon', will be needed to test this hypothesis.
